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1.0  INTRODUCTION 


In  recent  years  silicon  solar  cell  development  programs  have 
led  to  laboratory  cells  with  AMO  conversion  efficiencies  of 
16%.^  Advances  in  photovoltaic  technology  have  produced 
significant  improvements  in  both  short  circuit  current  and 
curve  fill  factor,  as  we1!  as  improved  voltage  characteristics 
through  refinements  in  back  surface  field  technology.  However, 
mathematical  modeling  has  suggested  that  conversion  efficien¬ 
cies  of  18%  or  better  are  possible  using  low  resistivity 

( 2 ) 

(approximately  0. 1  ohm-cm) ,  single  crystal  silicon.  The 

major  obstacle  to  the  achievement  of  such  high  efficiencies 
has  been  the  failure  of  cells  produced  from  low  resistivity 
silicon  to  achieve  the  theoretically  predicted  values  of  open 
circuit  voltage.  This  has  led  to  examinations  of  those  vari¬ 
ables  which  control  V 

oc 

The  lower  than  predicted  open  circuit  voltages  for  cells  made 
from  low  resistivity  material  can  be  attributed  to  higher  than 
normal  values  of  the  reverse  saturation  current.  This  could 

be  a  result  of  high  recombination  currents  caused  by  the  inclu¬ 
sion  of  unwanted  contaminants  into  the  bulk  silicon  during 
crystal  growth.  These  contaminants  may  then  be  gettered  into 
the  junction  region  during  its  formation.  Since  the  higher 
doping  levels  of  low  resistivity  material  usually  results  in  a 
higher  contamination  level  as  well,  it  is  beiieved  that  the 
observed  open  circuit  voltage  deficiency  could  be  attributed  to 
these  impurity  induced  recombination  centers.  Reducing  the 
recombination  current  through  improved  purity  material  may  be 
one  method  of  improving  cell  open  circuit  voltage  behavior. 


It  has  also  been  theorized  that  the  basic  mechanism  for  radia¬ 
tion  damage  in  silicon  solar  cells  is  the  formation  of  recom¬ 
bination  centers  which  result  from  interactions  between 
radiation  induced  defects  and  the  various  impurities  that  are 
present  in  the  silicon.  Reduction  of  impurities  in  the  bulk 
silicon  may  therefore  not  only  yield  improved  cell  efficiencies 
through  open  circuit  voltage  enhancement,  but  may  also  yield 
more  radiation  tolerant  devices  as  well. 

In  this  study  several  new  methods  of  producing  high  purity,  low 
resistivity  single  crystal  silicon  for  solar  cell  use  were 
investigated.  These  included: 

1)  Gettering  of  impurities  from  conventional,  Czochralski 
grown  silicon  wafers. 

2)  Boron  doping  of  high  purity  starting  material  using 
both  boron  ion  implantation  and  gaseous  diborane  doping. 

3)  Float  zoning  silicon  ingots  under  extremely  clean  con¬ 
ditions  . 

4)  The  use  of  gallium  as  the  primarv  'P'  type  dopant. 

The  resulting  materials  were  then  evaluated  by  measuring  the 
electrical  performance,  both  beginning  of  life  and  after  electron 
irradiation,  of  solar  cells  produced  from  the  new  materials. 


2.0  TECHNICAL  DISCUSSION 


2.1  INTRODUCTION 

The  objective  of  this  program  was  to  improve  the  performance 

of  N+/P  silicon  solar  cells  by  improving  the  minority  carrier 

lifetime  of  moderate  to  low  resistivity  single  crystal  silicon 

material.  In  order  to  accomplish  this  goal  various  methods 

were  developed  to  obtain  single  crystal  silicon  with  very  low 

levels  of  background  impurities.  Every  effort  was  made  to 

keep  the  concentration  of  all  impurities  other  than  the  primary 

12  3 

dopants  at  levels  less  than  1  x  10  atoms/cm  .  In  order  to 
evaluate  these  materials,  solar  cells  were  fabricated  and  then 
measured  electrically  under  simulated  air  mass  zero  illumination. 
In  addition,  many  of  the  materials  were  evaluated  in  terms  of 
resistance  to  the  effects  of  particle  irradiations. 

The  technical  effort  was  divided  into  the  following  four  areas: 

1)  Impurity  gettering 

2)  Crystal  growth 

3)  Material  evaluations 

4)  Process  optimization 

The  results  of  these  efforts  are  discussed  in  the  following 
sections . 


2.2  IMPURITY  GETTERING 

Gettering  of  impurities  from  silicon  was  considered  as  a 
possible  alternative  to  growing  ultra  high  purity  doped 
silicon.  The  use  of  phosphorous  and  aluminum  gettering 
sources  was  examined. 


_  T  - 


2.2.1 


Pho sph o rous  Diffusi on_ Go  t  tor  in 2 

The  phosphorous  diffusion  gettering  was  conducted  with  PH^  gas. 
Twenty-four  two  ohm-cm  boron  doped,  Czochralski  grown  wafers 
were  used  in  the  initial  experiment.  Sixteen  of  these  wafers 
were  subjected  to  an  initial  PH^  diffusion  of  30  minutes  dura¬ 
tion  at  900°C.  Based  on  the  diffusion  rates  of  the  major  life¬ 
time  damaging  impurities  such  as  gold  and  iron,  this  schedule 
was  felt  to  offer  sufficient  time  for  gettering  of  contaminants. 

The  wafers  at  this  point  were  in  an  as-sawn  and  cleaned 
(degreased)  condition.  It  was  not  felt  that  a  polished  surface 
would  enhance  gettering  and  it  was  desirable  to  avoid  potential 
-'taining  that  sometimes  occurs  when  repeated  etchings  are  done. 

Following  t:.e  PH^  getter  eight  wafers  had  between  12  and  25 
microns  removed  on  eac.n  side  with  abrasive  lapping.  These 
wafers,  the  remaining  eight  gettered  wafers,  and  an  additional 
eight  non-gettered  wafers  were  then  etched  in  a  30%  NaOH 
solution  to  bring  the  final  thicknesses  to  approximately  250 
microns,  corresponding  to  a  loss  of  150-200  microns  of  silicon. 
Since  there  was  some  concern  regarding  the  redeposition  of 
impurities  from  the  etched-off  silicon  and  etching  solution 
back  onto  the  silicon  surface,  all  samples  were  then  given  a 
PNH  clean. 

The  PNH  cleaning  technique  uses  a  sequence  of  ammon 1  urn 
hydroxide,  hydrogen  peroxide,  hydrochloric  acid,  and  hydro¬ 
fluoric  acid,  to  provide  a  silicon  wafer  with  a  highly  cleaned 

surface.  It  is  reported  that  contaminants  such  as  S  and  Cl 
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are  reduced  to  levels  n,  10  cm  and  that  impurities  heavier 
than  Cl  occur  at  levels  well  below  10^  cm  ^  This  cleaning 
method  has  been  used  by  Spectrolab  for  a  number  of  years  and 
proved  to  be  quite  effective  in  minimizing  lifetime  degradation 
occurring  during  the  fabrication  of  boron  BSF  cells.  ^ 
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Following  the  cleaning,  all  wafers  were  diffused  at  825°C  and 
then  subjected  to  standard  cell  processing.  The  processing  was 
stopped  just  before  the  AR  coating  step,  since  an  AR  coating 
might  affect  the  results  of  subsequent  spectral  response 
measurements  and  complicate  the  determination  of  any  bulk 
lifetime  effects. 

Although  all  groups  of  wafers  started  with  the  same  initial 
thickness,  the  diffused  surface  was  found  to  etch  faster  than 
non-diffused  surfaces  so  that  the  gettered-and-not-lapped 
cells  were  thinnest  at  9  mils,  the  controls  were  thickest  at 
11.9  mils,  and  the  gettered  and  lapped  wafers  were  10.5  mils, 
the  1.4  mil  reduction  fr  m  the  control  case  being  the  amount 
removed  in  lapping.  As  a  result  of  the  differences,  correc¬ 
tions  were  made  for  thickness  based  on  in-house  work  partially 
published  in  the  Twelfth  Photovoltaic  Specialists  Conference 

Record.  ^  Corrected  values  of  I  and  V  at  25°C  are  shown 

sc  oc 

below : 


Cell  Type 

I  (mA) 

s  c 

V 

oc 

(mV) 

Control 

104.2  : 

1.9 

584 

i  3 

PH-  Gettered  and* 

Etched 

101.1  i 

1.6 

588 

;  5 

PH,  Gettered,  Lapped* 

and  Etched 

102.5  ± 

1.3 

585 

i  4 

♦Data  corrected  for  thickness  effects 

No  gettering  benefits  were  observed  with  all  cell  groups  com¬ 
parable  in  voltage  and  the  control  cells  approximately  2% 
higher  in  I  ,  although  all  measurements  are  essentially  equi¬ 
valent  within  the  degree  of  accuracy. 
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Spectral  response  measurements  were  then  taken  on  the  samples. 

A  noticeable  loss  in  long  wavelength  response  was  found  for 
the  PH^  gettered  cells  (see  Figure  1) .  Although  some  of 
this  might  be  due  to  lifetime  impairment  in  the  gettered 
samples,  it  was  felt  that  at  least  half  of  the  difference  in 
samples  was  due  to  the  variation  in  sample  thickness.  As 
stated  earlier  the  control  samples  were  thickest  at  300  microns, 
and  the  gettered  and  not-lapped  wafers  thinnest  at  225  microns, 
and  the  ge-ttered  and  lapped  samples  midway  at  260  microns. 

These  relative  differences  were  reflected  in  the  long  wave¬ 
length  spectral  responses. 

In  order  to  minimize  the  impact  oi  any  degradation  due  to 
temperature,  the  PH^  gettering  was  re-examined  using  a  one 
half  hour  850°C  getter  sequence.  The  2  ohm-cm  samples  were 
prepared  in  a  manner  similar  to  the  900°C  gettered  samples, 
although  the  post  getter  silicon  removal  used  NaOH  etching 
without  any  lapping.  In  addition  samples  were  etched  so  that 
test  and  control  cells  were  of  equal  thicknesses  (300  microns). 

AMO  measurements  showed  no  significant  differences  between 
test  and  control  samples.  However,  this  time  a  slight  advan¬ 
tage  was  observed  for  the  gettered  cells,  although  the  differ¬ 
ence  was  within  the  sample  error  limit.  The  1  of  the 

‘  s  c 

gettered  cells  was  104.3  mA  compared  to  the  I  _  of  the  control 
samples  which  was  103.8  mA.  The  V  was  585  -  2  mV  and  583  ; 

3  mV  for  test  and  control  cells  rosp.  ctively.  The  850°C 
phosphorous  gettered  samples  had  hiohor  currents  than  the 
800°C  phosphorous  gettered  samples,  reflecting  for  the  most 
part  the  thicker  wafer  size. 
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ral  Response  -  Phosphorous  Getter  (900  C) 


Spectral  response  measurements  also  show  the  850°C  gettered 
and  control  cells  to  be  essentially  equivalent,  with  a  slight 
(2%)  advantage  in  response  at  1.05  microns  observed  for  the 
gettered  samples.  This  is  in  contrast  to  the  900°C  gettered 
cells  where  the  samples  had  lower  long  wavelength  responses 
than  the  control  cells. 

Spectral  response  curves  for  the  850°C  gettered  samples  are 
not  included  since  the  data  is  essentially  indistinguishable 
from  the  controls. 

Analysis  of  the  results  of  the  phosphorous  gettering  work 
indicate  that  no  advantage  has  been  obtained.  If  anything, 
the  importance  of  maintaining  moderate  processing  tempera¬ 
tures  is  f  It  to  have  been  demonstrated.  Whereas  a  900°C 
getter  might  be  expected  to  remove  more  impurities  than  a 
50°C  lower  getter,  cell  characteristics  indicate  a  modest 
advantage  in  cell  output  is  effected  through  the  use  of  the 
lower  processing  temperature.  The  potential  advantage  of  a 
phosphorous  getter  can  be  at  best  considered  slight  with  gain 
falling  within  experimental  accuracy  limits. 

2.2.2  Ad  uminum  Gettering 

Following  the  phosphorous  gettering  work,  a  grout'  of  wafers 
was  obtained  for  aluminum  gettering  studies;  half  were 
retained  as  controls  and  the  remainder  coated  with  approxi¬ 
mately  6  L.m  of  evaporated  aluminum.  The  aluminized  wafer; 
were  alloyed  at  850°C  for  40  minutes,  the  excess  aluminum 
residue  was  removed,  and  all  wafers  including  controls  wore 
etched  down  150-200  microns  in  30V  NaOH.  Again,  to  prevent 
the  redeposition  of  impurities  all  wafers  were  subjected  t.r, 
a  P\'H  cleaning,  followed  by  a  PH^  diffusion  at  825°C,  pro¬ 
viding  a  sheet  resistance  of  \  100  ohms  per  square. 
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Cells  were  fabricated  in  the  normal  manner,  and  measurements 

were  obtained  without  AR  coatings.  Since  the  A1  gettered 

wafers  averaged  25  microns  less  in  thickness,  tneir  values 

were  corrected  to  compare  with  the  260  micron  thick  controls. 

AMO  I  and  V  ,  at  25°C  were: 
sc  oc 


Controls 

Aluminum 

Gettered 


I 

sc 

103  ±  2  mA 
100  i  3  mA 


V 

oc 

584  i  6  mV 
577  ±  9  mV 


These  data  indicate  a  slight  loss  for  the  gettered  cells, 
similar  to  the  work  on  PH^  gettering,  although  all  values  are 
comparable  within  the  experimental  limits.  A  spectral  response 
analysis  indicated  that  the  current  difference  resided  in  the 
medium  and  long  wavelength  regions.  (Figure  2) 

Following  these  initial  results  a  second  and  similar  evaporated 
A1  getter  was  performed  at  850°C,  since  spectral  response 
measurements  of  the  first  evaporated  A1  getter  samples  had 
indicated  a  severe  loss  in  mid  and  long  wavelength  spectral 
response,  (see  Figure  2)  indicative  of  material  lifetime  degra¬ 
dation.  The  loss  in  response  at  1.05  microns  was  approximately 
35%  with  a  nearly  20%  loss  evident  at  .9  microns.  These  values 
were  quite  in  contrast  to  the  smaller  variations  observed  for 
PH ^  gettering.  For  this  reason  it  was  felt  that  it  would  be 
worthwhile  repeating  this  experiment  and  an  additional  8  con¬ 
trols  and  8  samples  were  subjected  to  the  same  process.  In 
this  repeat  test  all  cells  were  measured  for  electrical  perfor¬ 
mance  and  spectral  response,  and  no  significant  differences 
were  observed  between  controls  and  gettered  samples.  At  the 
same  time  it  was  not  possible  to  identify  any  possible  differ¬ 
ences  in  the  processing  used  for  the  first  group  of  cells  tested 
previously.  It  was  noted  that  even  after  30-70  microns  have 
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been  removed  from  each  side  of  the  A1  yettoied  wafers,  the 
gettered  wafers  can  be  identified  from  the  controls  by  the 
appearance  of  bumps  and  pockets  due  to  etching  the  uneven 
surface  produced  by  the  aluminum  alloying.  This  might  indi¬ 
cate  the  possibility  of  residual  stresses  in  the  silicon 
surfaces  which  might  account  for  lifetime  losses.  However, 
the  validity  of  this  was  greatly  compromised  by  the  fact  that 
the  second  group  of  A1  cells,  which  did  not  show  any  loss  in 
lifetime,  exhibited  a  significantly  more  eroded  surface  than 
the  first  group,  which  had  the  larger  degradation.  Although 
a  specific  degradation  mechanism  (introduction  of  impurities 
or  stresses)  cannot  be  defined  by  the  limited  data,  it  is 
interesting  to  propose  that  the  performance  of  evaporated 
aluminum  BSF  cells  may  be  compromised  due  to  the  introduction 
of  lifetime  degradation  by  the-  BSF  process. 

A  third  experiment  was  then  conducted  using  a  paste  A1  BSF 
process  which  has  been  very  successful  in  cell  fabrication. 
This  tended  to  further  indicate  that  the  evaporated  A1  pro¬ 
cess  can  cause  lifetime  degradation.  In  tins  experiment  A1 
paste  was  applied  to  a  surface  of  the  sum;  1 e  wafers  ami  after 

Q 

drying,  heated  to  900  C  for  20  minutes.  Tim-  wafers  were  tm.n 
etched  in  30%  NaOH  to  remove  approximatel',  70  microns  .  f 
silicon  from  each  surface,  PNH  cleaned  and  fa!  ncated  into 
solar  cells  as  before.  The  material  for  these  sum:  1<  s  was  : 
slightly  lower  resistivity  (IS  vs.  2  ohm- cm)  than  used  wit:, 
the  evaporated  Al  cells,  but  this  was  not  felt  to  be 
s l gn i f i cant . 

AMO  measurements  showed  the  following  characteristics: 
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(mA) 

V 

(mV) 

sc 

oc 

A1  Paste  Getter 

102.  3 

*  0.8 

590 

i  3 

Cont  rols 

102.5 

*  1.3 

587 

*  1 

The  equivalency  of  output  was  reflected  in  the  spectral 
response  where  no  significant  difference  could  be  noted  in 
any  wavelength  band  from  .4-1.05  microns.  At  this  point  the 
aluminum  getter  work  indicated  (1)  that  no  significant  get- 
1 1  ■  r  i  iii)  enhancement  had  occured,  (2)  that  the  higher  tempora- 
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h  c. sequent  ly ,  a  limited  amount  of  0.5  ohm-cm  silicon  material 
a  e  » •  i»  avuilabli  for  additional  analysis  of  u**t  t  er  i  ng .  It 


A  1 

♦* ,  }  t 

t  na t  the  1  owe r  res i 

s  f  1  V 

it/  mi qht  t  x 

jam • r  a  t  •  an 

ir.:  i .  ■ 

■t  ci  .m;  at  -  d.  to  thi  1 

■:  )W.  •  1 

doped  2  ohm 

-cm  mat eii  i 

1  1 

:  1  ! 

:  !:••  a;  ;  !  i  cat  i  on  an 

;  dr 

/ ' no  of  the 

paste,  the 

r 

<  •  r:i  1 1 

•d  i*  hie  p  for  tw- 

'  ■ 1  V 

n  mutes.  It 

was  ni  e.j 

: » •  •  r 

wafers  had  1'1'IJ  i  ( ins 

o  I 

•  i  >a  !  1  inn  d  ue 

to  the  the 

i!  .'i  n  efficient  mi  stna  t  eh  of  t  1a-  aluminum  ,-aste  and  t  h«  • 

.  whirl.  i:,  apparently  ui;i  ivat.d  hy  the  long  hi.  at  in: 

d'.  fm  -e  tile  a  1  urn  i  nun  n  ■  - 1  d  •  •  .d.  .!•••  rox  imat  *•  1  y  tin*  <  m  i  1 
oil.  ■  were  to  he  r  e:n-  ■ :  ‘  i  am  tie  wafei  ‘itface  i  ri  t 

:  i  etch,  l  •  *.«:•  t.  a  ■  ■  .-r;  if  ♦  •  ■ . :  a  1  1  .  i:  i  w.  •  .Id  .  ■ . ,  ,  . 

•|  .  .  :  t  I  >1  .  I  r  .  .  Herie.  a  ,  1  .  . .  w .  i  •  :  :  •  • ;  t  :  •  :  t  »  .  i  .  t  ‘  . 

. i ■ .  i  ;  r  :  i  t  ■  .  !  •  *  ♦  i. r r.ed  on*  n.  . 


■  t  t  i 


ill!'  r 


!  i  t  w .  e  i .  t  : .  l 


i  !  . 


and  the  non-spalled  gettered  samples,  although  the  silicon 
thickness  through  the  spalled  region  was  approximately  25 
microns  less.  Comparison  to  non-gettered  0.5  ohm-cm  controls 
is  shown  below. 


I 

(mA) 

V 

(mV) 

sc 

oc 

Gettered 

104.5 

±  1.0 

583 

+  7 

Control 

103. 1 

±  0.3 

592 

i  3 

As  in  previous  tests, 

ce  11  characteristics 

are 

fo.  non-AR 

coated  cells.  The  gain  in  I  for  the  gettered  cells  is  1.2% 
and  although  slight  does  appear  real.  The  current  gain  is 
offset  by  a  1.5%  loss  in  Vqc,  which  may  be  due  to  processing 
problems,  since  there  is  a  large  variation  in  the  data. 
Spectral  response  data  were  obtained  in  order  to  characterize 
the  nature  of  the  current  increase  in  the  gettered  samples. 
Figure  3  shows  average  spectral  response  for  the  gettered 
and  control  cells.  Consistent  with  a  gettering  benefit  to 
lifetime  is  a  higher  long  wavelength  response  in  the  aluminum 
gettered  cells,  with  a  7.5%  gain  at  0.95  microns. 

These  results  were  felt  to  irdicate  that  the  gettering  process 
might  be  of  some  benefit  to  the  lower  resistivity  material, 
although  at  present  gains  are  quite  minimal.  In  order  to 
explore  the  process  potential  further,  alternate  gettering 
temperatures  were  examined.  It  is  desirable  to  minimize  high 
temperature  excursions  in  cell  fabrication  since  this  lessens 
the  possibility  for  lifetime  damage,  however,  the  removal  of 
impurities  by  gettering  is  contingtr.t  on  the  mobility  of  the 
impurities  in  silicon  which  usually  suggests  that  higher 
temperatures  may  be  more  practical. 
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For  this  reason  three  groups  of  wafers  with  aluminum  paste 
were  gettered  at  800°C,  850°C,  and  900°C  for  20  minutes.  This 
range  was  chosen  to  extend  the  range  examined  previously,  and 
to  comply  with  the  reasonable  temperature  limits. 

All  wafers  were  nominal  1  ohm-cm  silicon.  Following  the  get- 
tering  the  alloyed  aluminum  region  was  removed  by  hydroxide 
etching,  along  with  approximately  70  microns  of  silicon  from 
each  side.  Final  wafer  thickness  was  approximately  275  microns. 
A  group  of  control  wafers  was  etched  down  along  with  the  get¬ 
tered  wafers,  and  all  groups  were  fabricated  together,  in  order 
to  minimize  fabrication  variations. 

Electrical  results  are  shown  below,  this  time  for  Ta20^  AR 
coated  samples. 

GETTERED  CELL  ELECTRICAL  PERFORMANCE 


Cell  Type 

he  <mA) 

* 

Voc 

(mV) 

I@500 

mV  (mA) 

800°C  Getter 

131.4  - 

2.4 

600 

i  2 

123.4 

i  2.9 

850°C  Getter 

135.4  i 

1 .  2 

602 

*  1 

127.9 

*  2.2 

900°C  Getter 

1  35 

1 

602 

i  1 

127.8 

*  1.5 

Controls 

134.7  * 

1.6 

602 

*  1 

127.7 

-  1.4 

‘Approximately  8  wafers  of  each  type 

With  the  exception  of  the  800°C  samples,  all  croups  are  equal. 
Tms  is  not  too  unexpected  since  it  was  proposed  earlier  that 
aettering  would  be  more  beneficial  for  lower  resistivity 
material  and  since  an  approximate  advantage  of  one  percent  had 
been  noted  for  0.5  ohm  bulk  silicon  the  lesser  benefit  on  1  ohm 


1 


is  reasonable.  The  surprise  is  the  performance  of  the  800°C 
getter  samples  which  are  aporeciably  lower  than  all  other 
groups.  Spectral  response  measurements  show  the  loss  to  be  in 
the  mid  and  long  wave  regions.  Since  the  aluminum  paste  used 
for  gettering  has  been  employed  successfully  for  a  BSF  at  the 
800°C  temperature,  it  is  difficult  to  ascribe  any  specific 
mechanism  to  this  anomaly.  And  since  all  wafers  were  pro¬ 
cessed  together  there  is  no  reason  to  select  any  other  step 
as  the  cause  of  the  loss. 

Possibly  a  significant  quantity  of  impurities  were  collected 
toward  the  aluminum  but  were  still  2-3  mils  from  it  after  the 
heating.  They  might  then  remain  within  the  bulk  near  the  back 
surface  after  silicon  etching  to  degrade  the  cell  output. 

2.2.3  Gettering  Summary 

Examination  of  gettering  as  a  method  of  removing  impurities  from 
the  silicon  after  ingot  growth  did  not  produce  any  significant 
improvement  in  cell  performance.  Of  the  three  methods  examined, 
only  the  aluminum  paste  technique  produced  cells  which  were  con¬ 
sistently  equal  to  or  better  than  the  control  cells.  It  was  not 
determined,  however,  whether  this  extra  processing  step  had  an', 
beneficial  effects  on  the  bulk  lifetime  of  the  silicon  wafers 
studied. 

2.3  CRYSTAL  GROWTH 

All  single  crystal,  float  zone  grown  "P"  type  material  used  in 
this  work  was  supplied  to  Spectrolab  by  the  Industrial  Products 
Division  of  Hughes  Aircraft  Company  (JIAC-TPD)  .  Hughes  has 
developed  the  technology  necessary  for  the  growth  of  very  high 
purity  silicon  for  use  as  laser  detectors,  and  it  was  felt  that 
tiiis  ex:ortise  would  benefit  the  present  program  as  well. 
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2.3.1 


Start  i  ng  Mate ri_a  1 

The  initial  high  purity  polycrystal  1 ine  silicon  rod  was  pre¬ 
pared  by  Dow  Corning.  This  rod  was  then  vacuum  float  zoned 
under  extremely  clean  conditions  to  form  one  inch  diameter, 

pre-purified  ingots.  Boron  levels  for  this  material  were  typi- 

12  3 

cally  kept  below  1  x  10  *  atoms/cm  ,  with  all  other  impurities 
significantly  below  this  as  measured  by  the  Hall  effect  as  a 
function  of  temperature.  Resistivity  of  the  material  was 
approximately  '*000  ohm-cm,  with  lifetime  ranging  from  0.5  to 
2  rr i  1  1  i  seconds  . 

2.3.2  Doping  and  Crystal  Growth 

Two  "P"  type  dopants  were  selected  for  investigation,  boron 
and  gallium.  Boron  doping  •-.•as  performed  by  ion  implantation 
of  the  pre-purified  ingots  or  by  the  introduction  of  diborane 
(B^H^)  gas  into  the  zoning  chamber  during  crystal  growth. 

Gallium  doping  was  accomplished  by  the  introduction  of  ele¬ 
mental  gallium  into  the  crystals  during  the  zoning  operation. 

Early  in  the  program  a  Siemen’s  model  VZA-3  zoner  was  purchased 
by  Hughes  IPD  from  Westech,  Inc.  of  Phoenix,  Arizona.  This 
unit,  originally  designated  for  float  zone  growth  under  vacuum, 
was  modified  with  a  new  tank  circuit  and  coil.  In  addition, 
the  growth  chamber  was  made  suitable  for  positive  pressure 
growth.  An  argon  gas  control  and  diborane  doping  system  was 
likewise  installed.  Considerable  care  was  given  to  providing 
cleanliness  in  the  gas  system  by  use  of  stainless  steel  fittings 
and  spectroscopic  purity  gas.  The  plan  was  to  use  this  furnace 
for  final  single  crystal  float-zone  growth  of  the  ion-implant, 
diborane  doped  and  gax.ium  doped  ingots.  However,  difficulties 
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were  onccuiitored  in  using  this  furnace  to  grow  zero  defect 
crystals  1.25"  in  diameter,  the  size  necessary  for  fabricating 
2  cm  x  2  cm  solar  cells.  The  major  problem  with  the  system  was 
a  poor  match  of  the  RF  coil/tank  circuit  to  the  RF  generator 
supplied  with  the  system. 

Several  nodi f ications  were  made  on  the  system  during  the  course 
of  the  program,  including  a  new  coil  design  and  modifications 
in  the  tank  circuit  capacitor  bank.  Unfortunately  these  modi¬ 
fications  were  unsuccessful,  and  the  furnace  was  not  used  in 
the  fir  -.1  growth  passes  on  any  of  the  incots.  The  VZA-3  zoner 
was  only  used  for  the  diborane  doping.  Final  growth  passes  on 
both  the  ion  implanted  and  diborane  doped  ingots  were  performed 
b\  Hughes  1PD  personnel  in  a  hestech  system  located  at  Great 
Western  Silicon,  Phoenix,  Arizona.  The  gallium  doped  ingots 
were  grown  at  Hughes  Research  Laboratories  in  Malibu, 

California. 

2.3. 2.1  Ion  Implantation 

Io:.  implantation  of  the  ingots  was  performed  at  Hughes  Research 
Laboratories.  Ion  implantation  is  a  method  not  commonly  used 
m  the  doting  of  rods,  but  has  proven  to  be  a  high  purity  method 
of  forming  junction  layers  in  silicon  slices.  For  the  present 
study,  a  special  jig  was  fabricated  for  holding  the  one  inch 
diameter  pre-pur: f led  ingots  in  the  sample  chamber  of  the 
implant  apparatus.  B'ron  implantation  was  performed 
using  a  boron  trifluoride  (BF^)  source  and  an  implantation  enorc 
of  100  KeV.  Ingots  were  then  regrown  by  vacuum  float  zoning  to 
distribute  the  boron  through  the  bulk  of  the  crystal.  Boron  in 
silicon  has  a  segregation  coefficient  near  unity,  hence  the 
sweeping  effect  of  the  molten  zone  does  not  alter  the  boron 

r  i  but  ion  along  the  length  of  the  ingot.  Initially  ingots  ot 
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In  addition , 


0.2,  2,  and  20  ohm- cm  were  attempted  using  B+  ions, 
one  ingot  was  implanted  using  BF^t  ions  in  order  to  investigate 
reported  impi uvements  using  this  species,  both  in  the  reduction 
of  silicon  damage  during  implantation,  and  in  possible  beneficial 
effects  of  the  fluorine  impurity  on  resultant  cell  characteris¬ 
tics!7'  All  ingots  were  grown  with  (111)  orientation. 

Wafers  were  cut  from  the  seed  and  tang  ends  of  these  initial 
implanted  ingots  for  resistivity,  Sirtl  etch,  lifetime  and  Hall 
measurements.  A  summary  of  the  ingots'  usable  length,  nominal 
diameter,  weight,  dislocation  count,  measured  lifetime  (Westech 
Lifetime  Measurement  System),  and  average  resistivity  is  shown 
m  Table  1.  As  can  be  seen,  all  five  ingots  had  high  dislocation 
densities.  Hall  samples  were  prepared  from  several  ingots  and 
subsequently  evaluated  for  room  temperature  and  low  temperature 
mobility  in  order  to  verify  the  purity  of  the  ingot  material. 
These  results  are  presented  in  Table  2. 

At  this  point  several  modifications  were  made  in  the  ion  im¬ 
plantation  technique  which  proved  beneficial  in  reducing  dis¬ 
location  densities.  First,  the  stainless  sti el  aperture  in  the 
implant  apparatus  was  replaced  with  a  high  resistivity  silicon 
aperture.  This  prevents  possible  contamination  of  the  ingot  by 
the  sputtering  of  the  metal  aperture  and  subsequent  imbedding 
of  the  sputtered  material  into  the  crystal.  It  is  believed 

that  a  one  o.cer  of  magnitude  reduction  in  donor  concentration 

(  8 ) 

can  oe  realized  by  this  modification.  Secondly,  implantation 

was  performed  in  symmetric  quadrants  about  the  ingot  axis 
instead  of  on  one  side  of  the  ingot  only.  This  would  improve 
the  distribution  of  the  implanted  boron  in  final  ingot  growth. 
Thirdly,  prior  to  the  final  ingot  growth  pass,  a  "skir.  pass" 
was  made  with  the  RF  coil  in  order  to  anneal  out  damage  caused 
i the  'implantation. 
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Alter  r  he  above  modifications,  2  uni  24  ohm- cm,  boron  doped 
moots  were  successfully  grown  with  zero  defects.  However,  an 
at  tempt  to  y row  a  0.2  ohm- cm  single  crystal  proved  unsuccessful. 
After  the  implant  operation  on  this  ingot,  ti.e  12  in. planted 
quadrants  on  tne  ingot  were  clearly  visible  with  the  naked  eye, 
indicating  some  type  of  residue  had  accumulated  in  these  areas. 
It  is  suspected  that  this  residue  is  caused  by  the  deposition 
of  hydrocarbons  from  the  residual  atmosphere  in  the  vacuum 
system  during  implantation .  Such  a  layer  ha  j  beep  observed 
a f t e r  high  dose  imp lan tat. on  of  silicon  wafers  as  well.  '  The 
c.itfusmr.  pump  oil  used  in  the  vacuum  system  is  the  suspected 
-  urct  of  ♦.  h.e:-e  r. \  d ro carbons .  Several  growth  passes  were 
P-.  r;  .  on  this  ingot,  but  in  each  attempt  a  zero  defect 

smelt  crystal  could  not  be  crown. 

2.  3.2.2  Diborane  Doping 

Diborar.e  doping  of  pre-puri  f  led  ingots  was  performed  in  t  he 
S  i  e.T.ar. ' s  Model  VZA-3  Float  Zone  Crystal  Grower  at  Hughes  IP:  . 
Welded  stainless  steel  fittings  were  used  m  the  gas  systi 
to  avoid  contamination  of  the  spect rc- cap: c  ; unity  gases  :  •  . . 

A  narrow  gas  stream  containing  the  diborane  was  directed  at 
the  molten  zone  of  the  ingot  during  the  float  zon.no  operation. 
The  diborane  is  subsequently  decomposed  at  the  molten  zone  ar.G 
the  boron  is  then  incorporated  into  the  silicon.  The  entire 
chamber  is  flushed  with  high  purity  argon  gas  during  this 
operation.  A  final  vacuum  float  zoning  was  then  performed  at 
Great  Western  Silicon  to  attain  the  1.25  inch  diameter,  single 
crystal  ingots.  Ingots  of  2  ohm-cra  and  4  ohm-eni  resistivities 
were  successfully  grown  in  this  manner.  These  ingots  may  have 
r<<  contaminated  due  to  a  problem  in  the  system's  gas  exnaunt 
f  ammonia  hydroxide . 
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An  additional  iiujot  was  diborane  doped  to  a  resistivity  of  0.7 
ohm-cm.  However,  attempts  to  grow  this  ingot  defect  free  in 
the  final  g.owth  pass  were  unsuccessful.  This  ingot  also 
exhibited  anomalous  resistivity  measurement  readings  which 
could  not  be  explained.  Lifetimes  of  all  the  diborane  doped 
ingots  were  too  low  to  measure  (<  10  usee)  on  the  equipment 
available  on  this  program.  Hall  measurements  were  not  performed 
on  any  of  the  diborane  ingots. 

2. 3. 2. 3  Gallium  Doping 

Gallium  doping  was  performed  in  order  to  investigate  reported 
radiation  resistance  properties  attributed  to  silicon  doped 
with  this  element.  The  superior  lattice  match  of  gallium  com¬ 
pared  to  boron  in  silicon  is  certainly  one  advantage  of  this 
dopant.  Gallium  doping  of  the  float  zoned  silicon  rod  was  per¬ 
formed  at  Hughes  Research  Labs.  This  was  done  by  introducing 
the  proper  amounts  of  elemental  gallium  into  the  seed  end  of 
the  pre-purified  rod,  and  then  zoning  through  the  rod  in  a 
single,  dislocation-free  pass.  Zero  defect  ingots  1.25"  in 
diameter  of  0.17,  2,  10  and  20  ohm-cm  resistivities  were  grown 
in  this  manner.  The  only  major  difficulty  encountered  in  the 
ingot  growth  was  in  the  weighing  of  the  minute  quantities  of 
gallium  (v  50  ,.g)  needed  for  the  higher  resistivity  crystals. 

Sample  wafers  were  prepared  for  Hall  measurements  as  well  as 
lifetime  measurements  (Westech)  from  these  ingots.  The  results 
cf  these  measurements  are  shown  in  Table  3. 
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Table  3 


LIFETIMES  AND  IMPURITY  CONCENTRATIONS  * 
OF  GALLIUM  DOPED  INGOTS 


RESISTIVITY  NBORON  NGALLIUM  NDONOR  LIFETIME 

(ohm-cm)  (cm~3)  _ (cm' 3 )  ( cm~ 3 )  (usee) 


.  17 

2.0 

X 

1013 

2.  3 

X 

io17 

0.9 

X 

1012 

<10 

2 

1.  83 

X 

1012 

9.7 

X 

io15 

1.  85 

X 

1012 

500 

10 

3.8 

X 

1012 

2.0 

X 

io15 

2.8 

X 

1012 

230 

20 

3.  3 

X 

io12 

4.0 

X 

io14 

1 . 2 

X 

io12 

10 

* DETERMINED  BY  HALL  EFFECT  MEASUREMENTS 

The  reason  for  the  observed  trend  of  decreasing  lifetime  as 
do nant  concentration  decreases  for  the  2.  10,  and  20  ohm-cm 
material  could  not  be  explained. 
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2.3.3 


Crystal  Growth  Summary 

A  list  of  ill  the  crystals  grown  for  this  program  is  prasented 
in  Table  4.  As  can  be  seen,  little  t  rob 1 cm  was  encountered  in 
the  attainment  of  zer<  defect  crysta  s  using  gallium  as  the 
primary  dopant.  However,  the  difficulties  encountered  in  the 
boron  doping  seriously  affected  the  reliability  of  further 
experiments  involving  these  crystals.  Tt  is  felt  that  the 
major  obstacle  to  the  successful  g.*cwt.  of  hot  .,  tie  d ■ borane 
and  ion  implanted  crystals  was  the  diffi  ulty  Hu  thus  li'n  had 
in  utilizing  tne  Sreman's  VZA- 3  furnace  for  the  fi.na  zo.nir.  • 
passes.  The  inability  to  utilize  an  . n- house  crysta.  gr  w  h 
facility  as  p  anned  had  several  far  retching  consequences. 

These  includec 

1)  Major  efforts  were  directed  towarc.  modification  of 
the  equipment  rather  th  n  t ov  ird  improvements  in 
the  crystal  doping  tech  ■  i vui  ;. 

2)  The  desired  centre  Is  on  tie  systcr,  cleanliness 
could  not  be  imple  •titer.. 

3)  Schedule  sin.  cages  in  the  crys  tal  deliveries  resulted 
in  the  necessity  of  using  initial  experimental 
crystals  for  final  sample  delivery. 
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Ta:  lc-  4 


DISLOCATION 

RESISTIVITY  DOLING  DENS  ITY  LI.FETIK 


INGOT  # 

(ohm-cm) 

ME  7 HOD 

(cm'2,  seed) 

-  J  r.sec 

1774503 

.  1 

B  Implant 

18,718 

■  1  6 

1774202 

3 

D  Implant 

2  .12  ,  inn ) 

J  Kj  • 

2774201 

7 

BE.}  I  .mp  1  ant 

3  7 , 6  0  2 

b  i 

1774703 

24 

B  Implant 

18,087 

2  2 

1774701 

25 

P  Implant 

27 , 550 

2  u '  i 

* "82004 

2 

B  ! mp3  ant 

-ii- 

1  • 

1780604 

24 

B  I  m  p  1  a  n  t 

-0- 

0  o 

1  7  84  0  0  3 

.  2 

B  Implant 

Poly  Crystal 

- 

3700601 

.  7 

Di borano 

Poly  Crystal 

- 

1  ”  8  u  4  0  3 

2 

Diborane 

-0- 

■  1 

O 

r 

c-n 

4 

Dib  rant' 

-0- 

1  0 

! 7 75001 

.  1  7 

Gal  1 ium 

-0- 

) 

i  7  8  3  j  0  2 

2 

Gall i urn 

-0- 

Oil') 

1 780 302 

10 

Gall l urn 

-0- 

2  30 

i  7  8  3  0  0  2 

2  0 

Ga Ilium 

-0- 

1  0 
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2.4 


MAT K  K  I A  I,  EVALUATIONS 


Final  material  evaluations  consisted  of  the  following: 


1) 

Fabr i cate 

solar  cells 

2) 

Measure  e) 

Lectncal  chara 

cterist ics 

(I-V 

curves ) 

3) 

I  rradiate 

samples  (elect 

rons ) 

4) 

Remeasure 

electrical  cha 

r acter i st i 

cs  ( I 

-V 

curves 

:> 

Check  photon  stability  o 

f  devices 

post 

el 

ectron 

i rradiat ion . 

The  results  of  these  studies  are  described  in  the  following 
sect  ions . 

2.4.1  Cell  Processing 

All  of  the  various  crystal  types  successfully  grown  were  sliced 
into  approximately  470  micron  thick  wafers.  Cells  were  then 
fabricated  as  follows: 

1)  Chemical  polish  wafers  (300  microns  thick) 

2)  PNH  clean 

3)  PH^  diffuse  wafers  -  825°C  (Sheet  resistivity  v  100 
ohms/square) 

4)  Dice  into  2  x  2  cm  cells 

5)  Back  etch 

6)  Evaporate  rear  contact  (Ti-Ag) 

7)  Contact  sinter  (600°C) 

8)  Evaporate  front  contact  grid  pattern  (Ti-Ag) 

9)  Apply  Ta205  AR  coating 
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The  PNH  cleaning  technique  uses  a  sequence  of  ammonium  hydroxid 
hydrogen  peroxide,  hydrochloric  acid,  and  hydrofluoric  acid  to 
provide  a  wafer  with  a  highly  cleaned  surface.  The  "N"  contact 
structure  consisted  of  twenty-four,  0.025  mm  wide  Ti-Ag  grid 
fingers  attached  to  an  ohmic  bar.  The  above  process  sequence 
yields  a  very  basic  N+/P  solar  cell  structure.  No  attempt  at 
process  optimization  was  made  for  these  studies. 

2.4.2  Electrical  Eva luat ion 

After  cell  fabrication,  AMO  electrical  data  was  obtained  using 
a  Spectrosun  X-25  solar  simulator.  Data  is  presented  for  t  n<- 
boron  doped  cells  in  Table  5,  and  for  the  gallium  doped  cei.s 

in  Table  6.  In  each  case,  cells  made  from  conventional,  born 

doped  CZ  material  were  processed  along  with  the  test  material. 
These  tables  represent  average  data  for  the  ten  to  twenty  :<  ■;  1 
processed  of  each  cell  type. 

In  Table  5  there  seems  to  be  no  clear  advantage  m  electrical 

performance  of  the  implanted  material  over  the  convention^; 

control  cells.  However,  the  diborane  results  are  of  snm>. 

interest.  Although  the  2  ohm-cm  diborane  material  shows  very 

poor  open  circuit  voltages,  the  higher  resistivity,  4  ohm-cm 

material  exhibits  a  higher  V  than  anv  of  the  2  ohm-cm  boron 

oc 

doped  material.  The  2,  10,  and  20  ohm-cm  gallium  doped  materia 
shows  no  marked  improvement  in  open  circuit  voltage  or  short 
circuit  current  over  the  conventional  CZ  controls  in  Table  0. 

Although  the  curve  shape  of  the  control  cells  is  poor  in  this 

tabic,  the  V  's  and  the  I  ' s  of  these  samples  are  fa.rin 
oc  sc  1 

typical  of  the  resistivity  ranges. 
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Table  5 


AVERAGE  2  S°C  AMO  ELECTRICAL  DATA 


BORIN  DOPED 

CELLS,  300 

MICRONS 

THICK 

BASE 

DOPING 

V 

c 

I 

sc 

P 

max 

INGOT  * 

RESISTIVITY 

METHOD 

.(;nVl 

(mA) 

(mW) 

FF 

1  '  '4  30  3 

0.  1 

Impl ant 

625 

140 

67.4 

.  77 

1 782904 

2 

Inpl ant 

59  1 

14  3 

67.7 

.  8C 

I  7  8  u  4  0  3 

~t 

Di  bo  r ane 

577 

144 

65.3 

.79 

3  7  9  0  6  0  2 

4 

Di bo  rane 

59  3 

14  3 

67.0 

.  76 

1  7  80  t.0  4 

24 

Impl ant 

525 

146 

59  .  4 

.  77 

2 

L'Z  Controls 

593 

140 

64  .  9 

.  78 

10 

CZ  Controls 

542 

140 

59  .  4 

.  78 

Table  6 


A  YE  RAG! 

\M0  EL 

.FCTMCAL 

DATA 

GALL  I  I’M  DOPED 

MATE  R  I  !■ 

G, ,  300  MI 

CRONS  TH 1C 

K 

INGOT 

e 

BASE 

RES  I  ST  IV I  TV 

V 

oc 

(m\0 

I 

sc 

jnvA) 

P 

max 

( mW ) 

FF 

TEST 

TEMP 

1  7  7  5  j 

3  1 

0  .  17 

632 

146 

73.3 

.  79 

2  5°C 

►— 1 

'-I 

00 

U. 

3  2 

2 

582 

14  5 

t4.7 

.  77 

2  8°C 

1  7  80  : 

10 

544 

148 

61 .  8 

.  77 

2  8°C 

1  7  8  3  7 

02 

20 

514 

147 

5  5.0 

.  75 

2  8°C 

2  (Boron  CZ) 

582 

14  5 

59  .  7 

.  71 

2  8°C 

10  (Boron  CZ) 

5  31 

150 

62.5 

.  7  6 

2  6°C 
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Of  particular  interest  in  Table  6  is  the  performance  of  the 
0.17  ohm-cm  gallium  doped  material.  Several  of  the  cells  in 
this  group  had  open  circuit  voltages  at  25°C  of  633  mV.  This 
value  is  the  highest  open  circuit  voltage  measured  to  date  at 
Spectrolab  on  a  non-back  surface  field  cell.  Also  of  interest 
is  the  high  short  circuit  current  of  these  cells,  as  well  as 
the  excellent  curve  fill  factors.  The  best  cell  of  the  group 
had  a  power  of  74.7  mW,  or  13.8%  efficiency.  This  is  extremely 
good,  keeping  in  mind  the  rather  simple,  unoptimized  cell 
processing  used  on  these  devices. 

2.4.3  Electron  Irradiation  Tests 

Several  cells  from  ouch  group  processed  were  sent  to  the  hi”, 

Dynamitroii  facility  for  electron  irradiation  tests.  All  cells 

14  2 

were  irradiated  to  a  fluonce  level  of  3  x  10  e/cm  ami  t:.e 

uallium  doped  cells  were  irradiated  to  a  fluonce  level  of 

1  x  10  ’  e/cm  .  The  d  i  nor  a  no  and  tne  boron  implant,  cel  1  s 

annealed  at  60°C  for  48  hours  and  the  gallium  doped  c.-l  1  r  w- 

a  a  1  •  n !  it  60°C  for  approx  l  mate  1  y  17  hours  after  ear:;  .  r:  .  : 

1 4  > 

ti  in .  The  results  of  the  3  x  10  e/cm  fluonce  level 

1  2 

hi  T,«r.  i  e  7.  The  results  of  1  x  1 0 1  "Went  fluonce  level 
g.ven  n.  Table  8.  Data  has  be.,  n  given  in  terms  of  n  rm  .  i  !  /•  : 
short  c  .  r  cult  current,  open  circuit  voltage,  and  maximum  ;  . 

A 1  so  included  in  Tables  7  and  8  are  data  for  2  and  10  ohm  -  cm , 
shallow  junction  devices  as  presented  in  the  JPL  Solar  P<  i • 

Pad)  at  i  on  Handbook  '  ^  ^  . 

All  of  t  f.e  two  ohm-cm  material  studied  showed  ‘light  rn.pr  - 
m<-r.t  in  radiation  hardness  over  t  fie  conventional  PZ  2  ohrr.- 
on  *  ro  1  cells.  This  couia  be  nttri  bu*  ed  to  t  he  improved  ;  n  it'.' 
f  t  hose  crystals.  However  ,  t  he  4  ohm-cm  diborane,  1  u  mu 
■i.ri-  T.  ga  1  I  and  24  ohm- cm  mad. .fit  cells  show  ik  mem  -.  m- 

-•  :  .nveii*  1  ■  .nil  C7.  material  . 
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Table  7 


ELECTRON  IRRADIATION  DATA 
3  x  10 14  e/cm2,  1  MeV  ELECTRONS 


CELL  TYPE/DOPANT 

P/P 

o 

V/Vo (Oc) 

I/I0(Sc) 

2  ohm  B  Implant 

.  805 

.940 

.  875 

2  ohm  Diborane 

.  857 

.946 

.  903 

2  ohm  CZ  Boron 

.  796 

.938 

.  857 

4  ohm  Diborane 

.  801 

.941 

.  862 

10  ohm  CZ  Boron 

.  863 

.957 

.936 

0.1  ohm  B  Implant 

.  732 

.947 

.  736 

0.17  Onm  Gallium 

.  761 

.950 

.  807 

2  ohm  Gallium 

.  815 

.951 

.  878 

10  ohm  Gallium 

.  871 

.  968 

.918 

20  ohm  Gallium 

.  896 

.  •  ■  8 1 

.945 

24  ohm  B  Implant 

.  830 

.970 

.950 

2  ohm  CZ  Boron 

.  810 

.935 

.  870 

10  ohm  CZ  Boron 

.  860 

.955 

.920 

(ID 


*JPL  Radiation  Handbook  Data 


Table  8 

ELECTRON  IRRADIATION  DATA 
1  x  10 15  e/cm2,  1  MeV  ELECTRONS 


CELL  TYPE/DOPANT 

P/P 

o 

V/VQ(Oc) 

I/I  (Sc 
o 

0.17  ohm  Gallium 

.648 

.928 

.  717 

2  ohm  Gallium 

.  722 

.920 

.792 

10  ohm  Gallium 

.776 

.9  30 

.  852 

20  ohm  Gallium 

.  810 

.955 

.  886 

2  ohm  CZ  Boron 

.  719 

.910 

.  794 

10  ohm  CZ  Boron 

.  760 

.934 

.  849 

2  ohm  CZ  Boron 

.  720 

.905 

.  805 

10  ohm  CZ  Boron 

.770 

.920 

.  865 

* J PL  Radiation  Handbook  Data ^  ^ 


-32- 


JT:/- 


1 


The  radiation  stability  of  the  0.17  ohm-cm  gallium  material  is 
of  interest  however.  This  material's  radiation  hardness  is 

14 

very  close  to  that  of  the  2  ohm-cm  CZ  material  after  3  x  10 
2 

e/cm  .  This  should  be  compared  to  the  relatively  poor  showing 

of  the  0.1  ohm-cm  boron  implant  doped  cells.  Another  comparison 

can  be  made  with  work  presented  by  NASA-Lewis  Research  Center 

as  illustrated  in  Figure  4.  In  this  figure  normalized  short 

circuit  current  versus  electron  fluence  for  several  advanced  types 

of  low  resistivity,  0.1  ohm-cm  boron  doped  cells,  including  high- 

low  emitter  cells,  diffused  junction  cells  and  ion-implanted 

junction  cells  are  presented.  Also  indicated  is  data  obtained 

14  2 

for  the  0.17  ohm-cm  gallium  doped  material  after  3  x  10  e/cm 
15  2 

and  after  1  x  10  e/cm  .  Again  note  the  improvement  in  the 
gallium  doped  material. 

2.4.4  Photon  Degradation  Experiments 

It  has  been  shown  that  irradiated  float  zone  grown,  low  resis¬ 
tivity  boron  doped  silicon  cells  show  additional  electrical 
degradation  after  photon  irradiation.  In  order  to  check  this 
effect,  cells  were  placed  under  a  xenon  light  source  for  10 
hours  after  electron  irradiation,  and  then  remeasured  elec¬ 
trically.  Normalized  maximum  power  values  both  directly  after 
irradiation  and  after  10  hours  of  illumination  are  given  in 
Table  9.  Note  the  large  additional  degradation  of  the  boron 
implanted  cells.  Similar  degradation  was  observed  qualitatively 
on  the  2  ohm-cm  diborane  doped  material  as  well.  However,  the 
gallium  doped  material  remained  quite  stable  under  photon 
ill umi nation . 

2.4.5  Material  Evaluation  Summary 

Of  the  material  studied,  by  far  the  most  interesting  was  the 
0.17  ohm-cm  gallium  doped  silicon.  Cells  fabricated  from  this 
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Table  9 


PHOTON  D;.G  RABAT  ION  NX  PH  R  I  MENT 
POST  3  x  10^*  e/cm^ 


P/Po 


chub  type 

P  Po 

14  2 

(3  x  10  e/cm  ) 

,,  m14  /  2 

(3  x  10  e/cm 

+  10  HOURS  PHOTON) 

2  ohm  B  Implant 

.  821 

.  728 

.  1  ohm  B  Implant. 

.  7  0  2 

.652 

2  ohm  B  CZ 

.  789 

.  770 

0.17  ohm  Ga  1 1  turn 

.  763 

.  751 

2  ohm  Gallium 

.  815 

.  818 
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material  indicated  the  potential  of  high  power  levels,  with  the 
achievement  of  open  circuit  voltages  of  633  mV  at  25°C,  AMO,  on 
standard  N+/P  devices.  The  data  also  indicated  enhanced  radia¬ 
tion  stability  of  this  material  over  boron  doped,  low  resis¬ 
tivity  material.  There  was  no  tendency  for  the  Si:Ga  cells  to 
further  degrade  upon  exposure  to  photon  irradiation,  a  result 
which  is  in  contrast  to  the  large  degradation  observed  on  the 
other  float  zone  grown  materials  studied. 

2.5  PROCESS  OPTIMIZATION  -  GALLIUM  DOPED  MATERIAL 

The  materials  evaluation  phase  of  this  program  indicated  that 
float  zone  grown  silicon  solar  cells  doped  with  gallium  may  have 
improved  tolerance  to  electron  irradiations  over  cells  fabri¬ 
cated  from  boron  doped  material.  However,  this  evaluation  was 
based  on  cells  fabricated  using  standard  N  +  /P  processing.  Tin.- 
question  then  arose:  Would  this  trend  be  observed  in  cells 
processed  using  high  efficiency  process  technip.es?  Though  oil 
process  optimization  was  beyond  the  scope  of  this  contract, 
Spectrolab's  internal  efforts  in  this  direction  are  pertinent:  :• 
the  conclusions  of  this  program. 

2.5.1  (1 00  J _ Oriented  Si:Ga  Ingot 

All  of  the  material  studied  on  this  contract  was  (111)  orient  od , 
"P"  type  silicon.  However,  advanced  processing  techniques ,  an 
as  texturizing  the  front  surfaces,  are  only  possible  us  i  no  t1 
oriented  wafers.  Therefore,  an  additional  ingot  was  sup:  lie. i  i 
Spectrolab  by  Hughes  IPD  which  was  2  olim-cm  gallium  doped  w;  ; 
(100)  orientation.  This  ingot  (F01791005)  was  subsequently  ;  ;  .  c 
and  then  fabricated  into  solar  cells  using  the  most  soph  is:  lean 
processing  techniques  available  to  Spectrolab  at  the  time,  the.  ■ 
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developed  on  the  HESP  II  program  (Air  Force  Contract  No.  F33615- 
77-C-3108) .  Both  0.008"  thick  and  0.002"  thick  cells  were  pro¬ 
cessed,  all  cells  featuring  textured  front  surfaces,  aluminum 
paste  back  surface  fields,  and  Ta^O^  AR  coatings.  The  25°C,  AMO 
data  of  the  cells  processed  are  shown  in  Table  10.  Though  the 
number  of  cells  processed  was  small,  the  ability  to  fabricate 
high  efficiency  cells  using  the  silicon  doped  with  gallium  is 
evident. 


2.5.2 


Electron  Irradiation  Test 


Two  cells  were  chosen  from  each  of  the  high  efficiency  cell  thick¬ 
ness  groups  for  1  MeV  electron  irradiations.  The  cells  were  then 
irradiated  to  fluence  levels  of  3  x  10^  and  1  x  10^  e/cm^.  The 
results  of  this  test  are  summarized  in  Table  11.  The  performance 
of  textured,  boron  doped  cells  developed  on  the  HESP  II  program 
and  results  on  Spectrolab's  0.002"  thick  cell  development  programs 
are  also  included  for  comparison.  Boron  doped  samples  were  all 
from  CZ  grown  material.  Though  the  sample  size  is  again  extremely 
small,  the  data  indicates  that  the  2  ohm-cm  gallium  doped  cell's 
performance  is  equal  to  or  somewhat  superior  to  the  10  ohm-cm 
boron  doped  cells  after  electron  irradiations.  In  addition,  the 
gallium  doped  high  efficiency  cells  showed  no  tendency  to  further 
degrade  after  electron  irradiations  when  exposed  to  photons. 


Table  10 
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Table  11 


3.0  CONCLUSION 


In  this  program  an  attempt  was  made  to  improve  both  silicon  solar 
cell  beginning-of-li  fe  power  and  end-of--life  power  through  the 
development  of  improved  lifetime,  high  purity  material.  The 
methods  chosen  for  study  included: 

1)  Gettering  of  impurities  from  conventional  CZ  grown 
silicon  wafers. 

2)  Float  zone  growth  of  ingots  doped  with  boron  using  ion 
implantation . 

3)  Float  zone  growth  of  ingots  doped  with  boron  using 
diborane  gas  under  extremely  clean  conditions. 

4)  Float  zone  growth  of  ingors  doped  with  gallium. 

Cells  fabricated  from  the  gettered  material  and  from  the  boron 
doped  float  zone  material  showed  i  o  performance  advantages  over 
cells  fabricated  from  conventional  CZ  grown  material.  However, 
problems  with  the  ingot  growth  and  hence  possible  crystal  cent. nib- 
nation  cast  serious  doubt  on  the  cell  evaluations  of  the  float 
zone  grown  material  doped  either  by  ion  implantation  or  diborano 
gas . 

By  contrast,  the  performance  of  cells  float  zone  grown  with 
gallium  as  a  dopant  were  quite  promising.  Open  circuit  voltages 
of  633  mV  with  AMO  conversion  efficiencies  approaching  14%  were 
achieved  with  low  resistivity,  0.17  ohm-cm  gallium  doped  material 
using  standard  N+/P  type  processing.  In  addition,  electron 
irradiation  testing  on  this  material  indicated  enhanced  end-of- 
life  characteristics  as  well,  with  no  tendency  to  further  degrade 
under  illumination  post  electron  irradiation. 
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This  program  has  therefore  demonstrated  that  high  efficiency 
solar  cells  can  be  fabricated  using  high  purity  float  zone  grown, 
gallium  doped  silicon  which  has  no  tendency  to  degrade  when 
exposed  to  photons  after  electron  irradiation  as  has  been  com¬ 
monly  observed  using  float  zone  grown,  boron  doped  material. 

This  result  has  brought  up  a  basic  question,  however.  Is  the 
improved  performance  of  the  Si:Ga  material  a  result  of  reduced 
impurity  levels  due  to  the  method  of  crystal  growth,  or  is 
gallium  an  inherently  better  dopant  than  boron  for  low  resistivity 
solar  cells.  In  further  studies  involving  high  purity  material 
the  need  exists,  therefore,  for  the  ability  to  identify  low  con¬ 
centration  impurities,  and  also  to  identify  when  such  impurities 
are  introduced,  i.e.,  in  the  initial  polycrystalline  si] icon, 
during  crystal  growth,  or  during  cell  processing.  Advanced 
diagnostic  methods  must  therefore  be  utilized.  One  technique 
which  may  prove  useful  in  this  regard  is  DLTS  (Deep  Level  Transient 
Spectroscopy)  which  has  the  demonstrated  ability  to  identify  trap 
levels  in  silicon  before,  during,  and  after  processing  with  a 
sensitivity  level  of  1010  cm  3. 
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